(i.e., fle) = -30 for e <10, = e-40 for 10 < e < 40, and =0 for ¢ 240).

Thus, there was 1o dependence upon attained age, and constant ERR/Sv, at different levels, for
exposure ages less than 10 and 40 or older, with a linear transition in the logarithmic scale
between e = 10 and e = 40. Likelihood profile distributions for ERR/Sv were computed for ¢ = 10,
20, 30, and 40, and interpolated for e between 10 and 40 (Table IV.D.9) '

For non-melanoma skin cancers other than basal cell carcinoma, which is dominated by squamous
cell carcinoma, the unmodified point estimate of ERR/Sv was negative and no convergent
estimate omiﬂd be obtained if an agé-dependent modifying term was introduced with either a free
or fixed parameter value, We therefore requested a single profile for ERR/Sv, with no
modification by age (Table IV.D.9).

The Ron et al data set had only 10 cases of malignant melanoma, far below our inclusion criterion
of 50 cases at doses greater than 5 mSv, and we therefore did not include that cancer type.

5. Radon-related lung cancer.

As mentwned above at the end of sectmn IV.C, a 1996 report prepared for the De%ﬁt of
Justice (DOJ, 1996) contains tables of curmulative radon exposures, in working.{dgel months
(wlm), consistent with point estimates and upper 80% and 90" confidence lim 9- probability of
causation greater than or equal to 50%, and the original data set used for these calculations, but .,
restricted to exposures < 3200 wlm, was made available to the working group. The working group

attempted to approxzmate Appendlx Table 3a of the DOJ report, modeling ERR as follows: -

ERR(wim,e,t) = o win exp{y fla) + 8 g(H},

where wim is cumulative radon exposure in working level months, a is age at diagnosis, ¢ is time
since last exposure, a, B, ¥, and & are unknown parameters, and

i Sf{a) = min[max(g-45, 0}, 30],

l () = min[max(t-5, 0), 20];

(i.e., fla) = 0 for a < 45,=a - 45 for 45 <a <75, and = 30 for a >75;
gft)=0for t <5,=¢-5for5 <t <30, and =20 for ¢ > 25).

Thus, ERR was assumed to be proportional to an unknown power of cumulative exposure in
wlm, and to‘be constant in « (at different levels) for a < 45 and @ > 75, and to be constant in ¢
(again, at different levels) for £ < 5:and ¢ > 25, Likelihood functions for ERR, , are given in
Table IV.D. 110 ot smokers and non-smokers, for ¢ < 45, a =69, and a > 75, and for £ < 5, ¢ = 185,
and 7> 25, for interpolation in a and 7. For ERR at arbitrary wim, IREP multiplies ERR .. by

" lmﬂ .52
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E. Correction for random and systematic errors in A-bomb survivor dosimetry

Our treatment of random and systematic errors in A-bomb survivor dosimetry was based mainly
on the treatment described in Chapter 3 of NCRP Report 126 (1997), and the reader is referred to
this material for details. The NCRP approach was also used by the EPA (1999). Dosimetry for
the A-bomb survivors is currently being re-evaluated (NAS/NRC, 2001). Revisions in dosimetry
could change the estimated risk from gamma rays slightly and might also affect the shape of the
dose-response function (Kellerer and Nekolla 1997; Pierce and Preston 2000). In the next year or
two, it is expected that revised dose estimates will become available, that uncertainties in these
estimates will be evaluated, and that analyses based on the revised doses will be conducted.
Uncertainties resulting from systematic biases in A-bomb survivors will need to be reevaluated
when these revisions become available, For now, the evaluation from NCRP 26 is used, and the
uncertainties discussed below in 2), 3) and 4) should be considered as “place-holders” for a more
appropriate evaluation. Changes in dosimetry should not;greatly affect the random errors
discussed in 1). é&%

ainty distribution was specified, and
this factor was used to correct ERR estimates base A-bomb survivor data. Sources of
bias and uncertainty that were evaluated by the N@RB)are as follows:

5

For each source of uncertainty, a bias factor with an utigg

1) Uncertainty in the magnitude of random errors in the doses of individual survivors, called Ry
in NCRP Report 126, contributed differently to biased uncertainty for solid cancers and the
leukemia, for which the forms of the dose response were linear and linear-quadratic, respectively.
Unlike the NCRP report, the present report is concerned with individual cancer sites and must
consider the two cases separately: uncertain bias correction factors 1+F (Rg) and 1+F(Ry) for
cancers with linear and linear-quadratic dose responses, respectively. Pierce et al (1990)
recommended a lognormally-distributed random error in individual dose estimates with
geometric mean (GM) = 1 and geometric standard deviation (GSD) = exp(0.35), corresponding to
an upward correction in estimated risk of 9.0% for solid cancers and 5.6% for leukemia, with
essentially no effect on the variability of the corrected risk estimates. There is, however, some
uncertainty corresponding to the assumed GSD of the lognormally-distributed random error in
dose estimates: the corresponding upward corrections are 6.8% and 4.3% for solid cancers and
leukemia, respectively assuming log GSD = 0.30, and 11.4% and 7.2% assuming log GSD = 0.40.
If we consider 0.30 and 0.40 to correspond to the 10™ and 90™ percentiles of an uncertainty
distribution for log GSD, and consider that random error in dose assignment can only bias
estimated risk downward, it seems appropriate to assume that F; (Rg) and Fo(Rp) are lognormal
with GM=8.8% and 5.56%, respectively, with common GSD=1.22 (i.e., LN(8.8%, 1.22})) and
LN(5.56%, 1.22)).

2) Uncertainty in the appropriate choice of neutron RBE in analyzing A-bomb survivor data,
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denoted Ny in NCRP 126 with error factor f{N;) distributed according to a triangular distribution
with minimum 0.9, most likely value 1.0, and maximum 1.1 (i.e., triangular(0.9, 1.0, 1.1)).

3) Uncertainty due to systematic bias in gamma dose estimates, denoted D, in NCRP 126 with
error factor f{D,) distributed as triangular(1.0, 1.1, 1.4).

4) Uncertainty due to systematic bias in neutron dose estimates in Hiroshima, denoted D, in
NCRP 126 with error factor AD,) distributed as triangular(1.0, 1.1, 1.3).

The overall error factors for random and systematic errors in dosimetry are
F (D) = (I+tF(R)/(FN*F(D)*F(D,))

for solid tumors and
Fo(D) = (I+F (R (FNR*F(D)*F(D,))

for leukemia. The uncertainty distributions for F; (D) and F(D), expressed in percent, correspond
reasonably well to normal distributions: N(83.2, 8.36) and N(80.7, 8.05), respectively.

F. Dependence of risk on dose and dose rate for low-LET radiation

Radiations of different quality differ with respect to the shape of the dose-reg
cancer rigk. Risk per unit dose of radiations of high lincar energy transfer § ' %Y, such as neutrons,
alpha particles, or heavy ions, tend to be the same (or greater) at low compaetd to high doses,
whereas for low-LET radiations, such as gamma rays, electrons, X rays, or beta particles, risk per
unit dose is thought to be lower at low dose levels. Evidence for a lower risk per unit dose or unit
equivalent dose (henceforth to be referred to simply as “dose”) of low-LET radiation at low
(compared to high) dose levels comes mainly from experimental radiobiology, much of it
involving outcomes other than carcinogenesis (NCRP, 1980). Inferences about the shape of the
dose-response relationship based on epidemiological studies of cancer, on the other hand, tend to
be determined by data in the middle and high dose ranges, i.e., 0.1-1.0 Gy and 1.0 Gy and higher,
For solid cancers, generally, there is little persuasive epidemiological evidence of nonlinearity of
dose response, whereas for leukemia there is good evidence of positive curvature. The linear-
quadratic dose-response model for leukemia used here corresponds to a risk at 0.01 Gy (1 cGy)
that is only 0.5% as high as the risk at 1 Gy, or half as high per unit dose.

Linear-model risk coefficients may be reduced by a dose and dose-rate effectiveness factor
(DDREF) for estimating risks at low doses and low dose rates. The International Commission on
Radiological Protection (ICRP, 1991) recommended a DDREF of 2 for purposes of radiation
protection, a value roughly consistent with the default linear-quadratic dose-response model used
here for leukemia. The ICRP recommendation is also accepted by the NCRP (1993). In their
most recent discussion of the application of DDREF, the United Nations Subcommittee on Effects
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of Atomic Radiation (UNSCEAR, 1993) recommended that the chosen DDREF be applied to
chronic exposures (dose rates less than 6 mGy per hour averaged over the first few hours) and to
acute (high dose rate) exposures at total doses less than 0.2 Gy, a recommendation that was
subsequently adopted by the EPA (1999). However, such an abrupt transition seems unrealistic in
view of observed linearity of dose response for cancer incidence and mortality among acutely
exposed A-bomb survivors, down to and including values below 0.2 Gy (Thompson et al., 1994,
Pierce et al., 1996). Also, continuous uncertainty distributions for DDREF have been used by
NCRP (1997), EPA (1999), and in a report prepared for the Colorado Department of Public
Health and Environment (Grogan et al, 2000) for calculations of lifetime risk of all cancer types
combined (Figure [V.F.1). The Grogan et al uncertainty distribution differs from the NCRP
distribution mainly in allowing a small probability that risk per unit dose might increase at very
low doses. Thus, the NCRP and EPA distributions allowed for the possibility of DDREF values
between 1 and 5, while the Grogan et al distribution included values as low at 0.2.

In the present report, ERR is estimated as a function of radiation dose, and modified according to
exposure rate (acute or chronic) by application of an uffsestain DDREF. The DDREF is applied to
all chronic exposures whereas, for acute exposure, th REF is phased in as dose is decreased,
beginning at an uncertain reference dose less than 0.@ and decreasing smoothly to the value
appropriate for chronic exposure. Fractionated acufg@estposures separated by 5 hours or more are
treated as separate exposures; thus, the DDREF is ied to cach fraction and their estimated
effects on risk are added together. The working group has chosen to derive its own subjective
uncertainty distribution for DDREF (DDREF,,,,...) (Figure TV.F.2, left-hand panel), mainly
because the analysis of low-dose LSS cancer mortality data (Pierce et al, 1996) is strongly
consistent with linearity and suggests, however weakly, the possibility of supra linearity of dose
response below 0.5 Sv. A discrete, rather than continuous, distribution was used (emphasizing the
subjective nature of the exercise), with nonzero probabilities on DDREF = 0.5, 0.7, 1, 1.5, 2,3,
and 5. For cancers of the female breast and the thyroid gland, a discrete distribution was selected
with greater probability at DDREF = 1 (Figure IV.F.2, right-hand panel).

For an acute exposure, the DDREF (DDREF,_,,.) is modeled as a random quantity that approaches
DDREF,,,,.. as dose decreases to zero. Between zero and an uncertain reference dose, D,
(between 0.03 and 0.2 Gy), DDREF, .. increases smoothly from DDREF,,, .. at zero dose to 1 at
D, and above, according to a logistic function of dose (Figure [V.F.3). The uncertainty in the
reference dose D, is expressed as a log-uniform distribution (Figure IV.F.4).

G. Transfer of ERR from the Japanese to the U.S. population

A major concern in using data from Japanese A-bomb survivors to estimate risks for specific
cancers in a U.S. population is that baseline risks differ between the two populations and the
dependence of radiation risks on baseline risks is not known with certainty. For example, baseline
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cancer rates for breast, lung and colon cancer are smaller in Japan than in the United States, while
rates for stomach and liver cancer are much higher in Japan. Estimation of risk for a U.S.
population based on the dose response coefficients derived from A-bomb survivor data is
commonly referred to as the “transfer” or “transportation” problem. A more detailed discussion of
the transfer problem appears in NCRP Report 126 (NCRP, 1997). ‘

Two simple solutions are the so-called “multiplicative” and “additive” transfer models, in which
estimates of excess relative risk (the ratio between excess and baseline risk) and absolute risk (the
difference between the estimated cancer rates with and without exposure), respectively, are
applied to the second population (in this case, the U.S. population). The multiplicative transfer
model is biologically plausible to the extent that ionizing radiation exposure can be assumed to
act as an “initiator” of a process whose likelihood of resulting in cancer depends upon the action
of “promotiflg” agents, if these “promoting” agents are responsible for the difference in baseline
rates between the two populations, or, alternatively, if radiation were to act as a promoter of the
carcinogenic effects of other agents that are differentially effective in the two populations. In this
view, the excess risk from radiation exposure would be greater in a normally high-risk population
than in a normally low-risk population. The additive transfer modwlausible to the extent that
radiation can be assumed to act mainly as an initiator and the différépce between population
baseline rates can be assumed to be due to the differential effegfs e two populations of other
“Initiator” carcinogens that act similarly to radiation. In thig, 08¢, the additional cancer risk
burden of radiation exposure would be independent of the ..ﬂ

ation baseline rate.

Several approaches have been used for transferring risk estimates based on the Japanese A-bomb
survivor data to other populations, The multiplicative transfer model was used by UNSCEAR
(1988) for the world population and in the BEIR V report (NAS, 1990) for the U.S. population.
The additive transfer model was used in the BEIR III report (NAS, 1980) and the 1985 NIH report
(NIH, 1985j. The two transfer models can lead to very different estimates of radiation-related risk
for certain cancers for which baseline risks differ greatly between Japan and the U.S. (Land,
1990). Each model receives some support from site-specific comparisons, but there are few sites
for which meaningful analytic comparisons can be made. If population differences in cancer rates
may be due to both initiating and promoting agents, it is likely that both additive and
multiplicatiw:/e model interactions with radiation may take place, and that some kind of mixture
model may l;)e appropriate. For example, the ICRP (1991) used the arithmetic mean of the ERR
values obtained by the two transfer models for all solid cancer types combined (Land and Sinclair,
1991), and the Environmental Protection Agency (Puskin and Nelson, 1995) used the geometric
mean (except for liver cancer associated with exposure to the radioactive contrast medium
thorotrast and bone cancer from exposure to injected ***Ra, for which an additive transfer model
was chosen), More recent reports have used uncertain (i.e., randomized) linear or geometric
combinations, weighted in various ways, of the additive and multiplicative transfer models for the
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estimation of total risk of cancer mortality (EPA, 1999).

Mortality rates for all types of cancer combined vary relatively little by nation, compared to site-
specific variation. The initial ERR ¢, value for mortality from all cancers combined used in NCRP
Report 126 (NCRP, 1997) was the roundedgaverage of multiplicative and additive transfer model
estimates from the LSS mortality data fof§iv® different national populations (ICRP, 1991, Land
and Sinclair, 1991). Thus, the problem®ogthat report was not how to estimate ERR ., for a US
population, but to determine the une{Ramty associated with estimating ERR ¢, in a particular
way. Their solution was an unc factor AT), distributed as LN(1, 1.3).

For the present report, the problem is how to estimate site-specific and age-specific values of
ERR,, for the US population in the presence of possibly large differences in baseline rates and
the absence of useful information about which model might be correct. Our approach is to use a
random linear combination between the additive and multiplicative models,

(ERR 5) s = Y X(ERR 15) s + (1-)) X (ERRg) s 5

where the random variable y varies between -0.1 and 1.1. Here, (ERR, g, ), is the site-, sex~, and
age-specific excess relative risk at 1 Sv obtained from statistical analysis of the Japanese A-Bomb
survivor data and adjusted for random and systematic errors in dose to individual A-bomb
survivors (see IV.D above). (ERR, g, )., 18 the same value, adjusted for the corresponding ratio
between baseline rates in the two countries:

B
(ERR]SV )ada' = (ERR]SV )mu[[ '( ;apan J
uUs

Here, B,,,, and By are the sex- and site-specific, age-adjusted background cancer incidence rates
in Japan (a surrogate for the A-Bomb survivor cohort) and the US population, respectively, both
age-standardized to the world population age distribution (Parkin, 1997).

The coefficient y of the linear combination can be used to favor one model or the other according
to the weight of evidence. For instance, y=0 corresponds to the additive model, y =1 to the
multiplicative model, and y = % to the arithmetic average of the two. A Monte Carlo simulation
is used to express uncertainty about y, with y values sampled according to the following
probability density distribution:

(y+0.1) ~-01<y <0
f(y)=0.9091x 1 0<y<1
(1.1-y) 1.0<y<1.1
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The constant probability density shown above for y values between 0 and 1 reflects a complete
lack of knowledge about the appropriateness of particular weighted averages of the additive and
multlphcative transfer models, and, the assignment of a small probability weight (9%) to values
less than zero and larger than one allows for the (subjectively unlikely) possibility that radiation-
related cancer risk might be negatively correlated with population baseline risk. For breast and
stomach cancer, more information is availablé and, thus, the “uninformed” trapezoidal density
given above and in Figure V.G.1 may be modified by redistributing some of the weight to the
additive transfer model in the case of breast cancer (Land et al, 1980, Little and Boice, 1999,
Mattson, 19?9) or the mu1t1phoat1ve model for stomach cancer (Griem et al, 1994, Carr et al,
2002). Thus*T for breast cancer, a probablhty weight of 50% was assigned to the addiftive transfer
model (y = 0), and 50% was ass1gned to the trapezoidal probability density distribution. For
stomach cancer, a probability weight of 33% was assigned to the multiplicative model (y = 1), and
66% to the trapezoidal distribution, while for thyroid cancer the weighting was 50% on the
multiplicative model and 50% on the trapezoidal distribution, reflecting the international basis of
the Ron stud;y (1995). The cumulative distribution functions for these distributions are compared
with that for the “uninformed” distribution in Figure IV.G.2.

H. Radiatio:n effectiveness factors for different radiation types

People can be exposed to many different types of ionizing radiation including photons, electrons,
alpha particles, and neutrons, and the energies of each radiation type cga vary widely. Many '
studies of the effects of ionizing radiation on a wide variety of biol &systems, ranging from
simple cells ;to complex whole organisms, have shown that diffg ﬁpes of ‘kradiation often differ
substantlally in their biological effectiveness. That is, the p ty that a particular biclogical
response is mduced by radiation depends on the radiation t Wof and sometimes its energy, as well
as the dose. 'In estimating cancer risks and probability of causation (assigned share) for an
individual who received known exposures to particular radiation types, it therefore is essential
that differences in the biological effectiveness of the different radiations be taken into account.

.
.'w..-\‘. HPE

Differences in biological effectiveness of different radiation types have long been taken into
account in radlatlon protection. The quantity currently used in radiation protectlon to describe the
- biological e)%fecnveness of d1fferent radiation types is the radiation wei ighting factor. This factor
is used to modify the dose in an organ or tissue of humans from a given radiation type (the total-
energy imparted in the organ or tissue divided by its mass), given in Gy, to yield an estimate of
equivalent dose, given in Sv. The risk of cancer (or other stochastic radiation effect) in an
irradiated organ or tissue is assumed to be proportional to the equivalent dose, independent of
radiation type.

The assi gned point values of radlatlon welghtmg factors used in radiation protection are based on
data on the relative biological effeot:lveness (RBE) of radiations obtained from radiobiological
studies of a variety of responses in different biological systems, as well as judgments about the
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applicability of estimated RBEs to induction of cancers in humans and theoretical considerations
of the relationship between biological effectiveness and the density of ionization produced by
different radiations in tissue. The radiation weighting factors currently used in radiation
protection include: 1 for photons and electrons of any energy; 20 for alpha particles; and 20 for
neutrons of energy 0.1-2 MeV including fission neutrons, 10 for neutrons of energy 10-100 keV
or 2-20 MeV, and 5 for neutrons of energy less than 10 keV or greater than 20 MeV. Thus,
photons and electrons have a biological effectiveness of 1, by definition, and the radiation
weighting factors for the other radiation types represent judgments about their biological
effectiveness in humans relative to photons and electrons.

For the purpose of estimating cancer risks and assigned shareﬁ%jdentiﬁable individuals who
received known (estimated) radiation exposures, the term “riid{gtion effectiveness factor,” denoted
by REF, has been developed to describe the biological effed feness of different radiation types
(Kocher et al., 2002). There are two reasons why a new other than “RBE” or “radiation
weighting factor,” is used. First, “RBE” is not appropHg because this quantity strictly applies
only to results obtained from specific radiobiological studies and, thus, should not be used to
describe an extrapolation of such results to a different biological endpoint, biclogical system, or
condition of exposure. Second, as discussed above, the radiation weighting factor is a prescribed
point quantity, without uncertainty, which is used in radiation protection to calculate equivalent
doses, but it is not intended to be used to estimate cancer risks and assigned shares in identifiable
individuals who received known exposures. Furthermore, cancer risks and assigned shares are
estimated based on estimates of dose without the need to estimate equivalent doses, and it is
essential that uncertainties in the biological effectiveness of different radiation types relative to a

defined reference radiation be taken into account.

The radiation effectiveness factor for a particular radiation type is used in estimating cancer risks
and assigned shares from actual exposures in accordance with one of the following equations:

Solid tumors —-
R H
% = REF, x —I—— x D, (IVH.1)
DDREF,
R = REFy xRy xD, (IV.H.2)
Leukemias —
R =axREF, xD, (IV.H.3)
% = a(REF_ x D) + b(REF, x DY . (IV.H.4)
In these equations —
. $ is the risk of a particular cancer (i.e., the excess relative risk, ERR) due to
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exposure to a particular radiation type;

. REF is the radiation’ effectiveness factor for the radiation type and cancer type of
concern; 7
. the subscripts “L” and “H” denote low doses and dose rates and high doses and

dose rates, respcctively;

. R,y is the risk coefﬁcwnt (ERR per Gy) at high doses and high dose rates of the
~ reference hlgh-energy gamma (y) radiation with a defined biological effectiveness
of 1, assuming lineatity in the dose-response relationships for all solid tumors;

* DDREF is the dose and dose-rate effectiveness factor, which takes into account
that the ERR per Gy for solid tumors at low doses and dose rates of photons (and
electrons) may be less than the values of R, ; obtained from studies of exposed
populations;

« ' qand b are the coefficients of the linear and quadratic terms in a linear-quadratic
dose-response relationship which is assumed for leukemias under conditions of
acute exposure to high-energy gamma rays; a:&

e D is the estimated dose from the radiation %%of concern.

For most solid tumors, the risk coefficients at high do d dose rates of high-energy gamma .
rays, Ry, are obtained from studles of the Japanese 1c-bomb survivors. The coefficients a -
and b'in the lmear-quadratlc dose-reSponse relationship for leukemias under conditions of acute
exposure to high-energy gamma rays also are obtained from studies of the atomic-bomb
survivors. The data on leukemias indicate that the two coefficients are approximately equal
numerically, and this assumption is used in this work. In the radiation effectiveness factor (REF)
for the radiation type of concern, the subscripts L and H denote that this factor is estimated based
on data on RBE at low doses and dose rates or at high doses and dose rates of the reference
radiation, respectlvely

The equation selected depends on the particular radiation type and cancer of concern. As
discussed by Kocher et al. (2002), eq. (1) for solid tumors is used in cases of exposure to photons,
electrons, and alpha particles, eq. (2) for solid tumors is used in cases of exposure to neutrons, eq.
(3) for leukemias is used in cases of exposure to alpha particles and neutrons and in cases of
chronic exposure to photons and electrons, and eq. (4) for leukemias is used in cases of acute
exposure to photons and electrons. Not shown in egs. (1)-(3) is a factor representing an inverse
dose-rate effect, which is applied to all exposures to alpha particles and to chronic exposures to
neutrons. This factor, which is a multiplier on the right-hand side of these equations, takes into
account that the biological effectiveness of high-LET radiations may be higher under conditions
of chronic exposure than under conditions of acute exposure. The use of egs. (1)-(4) is discussed
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further later in this section.

As noted previously, uncertainties in radiation effectiveness factors for different radiation types
are taken into account in estimating cancer risks and assigned shares. These uncertainties are
described by means of subjective probability (uncertainty) distributions. The assumed probability
distributions are intended to represent judgments about the current state of knowledge of the
effectiveness of the different radiation types, relative to high-energy gamma rays, in inducing
cancers in humans; they are not intended to represent statistical distributions of results that would
be obtained if radiobiological studies of the effectiveness of the different radiations in inducing
cancers in humans were performed. The factors representing an inverse dose-rate effect for alpha
particles or neutrons under conditions of chronic exposure also are described by subjective
probability distributions.

The probability distributions of the radiation effectiyer
developed by Kocher et al. (2002) of SENES Oak e under contract with the National Institute
of Occupational Safety and Health (NIOSH), and ha¥g taken into account peer reviews of the
work by NIOSH consultants. The assumed proby distributions of the radiation effectiveness
factors for photons and electrons are summarizefligi Table IV.H.1, the distributions for alpha
particles are summarized in Table IV.H.2, and the distributions for neutrons are summarized in
Table IV.H.3. For photons and electrons, the probability distributions of the radiation
effectiveness factors are applied to all cancers, whereas separate probability distributions are
developed for leukemias (including lymphomas and lymphocytic cancers) in cases of exposure to
alpha particles and neutrons. The probability distributions of the correction for an inverse dose-

rate effect are included in the tables for alpha particles and neutrons.

¥ss factors used in this report were

The procedure for using egs. (1)-(4) in estimating cancer risks and assigned shares is as follows.
It is assumed that the exposure history of an individual is given in terms of the equivalent dose, in
Sv, to the organ or tissue in which a cancer has occurred—i.e., the dose in that organ or tissue
modified by a standard radiation weighting factor, denoted by wy, (formerly called the average
quality factor, O )—and that the equivalent dose is given for each radiation type {photons,
electrons, alpha particles, and neutrons) separately. From the given equivalent dose for a
particular radiation type in an organ or tissue (T), denoted by H,, the dose (D) in that organ or
tissue, in Gy, is calculated as D = H/wg. The dose for each radiation type is the quantity that is
input to the calculation of cancer risk and assigned share, and each of these doses is modified by
the relevant radiation effectiveness factor in accordance with the appropriate equation.

The treatment of the biological effectiveness of the different radiation types of concern, as
represented by the probability distributions of the radiation effectiveness factors summarized in
Tables IV.H.1-IV.H.3, differs from the 1985 NIH report in two respects. First, with the
exceptions of lung cancer among uranium miners exposed to inhaled radon and its short-lived
decay products, with exposure expressed in working level months (WLM), and bone cancer
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among patients injected with the short-lived alpha emitter *Ra, the 1985 report considered only
radiations for which the biological effectiveness was assumed to be unity (i.e., photons). It was
recognized that, at low doses and dose rates, high-energy gamma rays might be less damaging
than lower-energy X rays, but the NIH working group did not have sufficient information to make
such a distinction. In the present work, the biological effectiveness of all radiation types
(photons, electrons, alpha particles, and neutrons) is taken into account for all cancers, with the
exception that radon and lung cancer continues to be treated separately based on estimates of
exposure in WLM. In particular, a distinction is made between the effectiveness of high-energy
gamma rays and lower-energy X rays, as well as low-energy electrons. The second important
difference is that uncettainties in the biological effectiveness of all radiation types relative to high-
energy gamma rays are now taken into account. Since the 1985 NIH report focused on radiations
that were-assumed to be equally effective at any energies, there was no need at that time to
consider uncertainties in biological effectiveness. |

I. Modification by epidemiological risk factors

Site-specific studies of radiation dose and cancer risk, in LSS sampfierl in other exposed
populations continually followed up over time, generally proceethigha
with the evaluation of evidence that a dose-related excess risk actually exists. Usually, the first
modifiers of dose response to be considered are gender, age at exposure, age at observation
(attained age), and time following exposure, since information about them is usually obtained at*
the same time as information on radiation exposure and disease occurrence. Modification of dose
response by other factors is a more difficult problem, because it usually requires special data-
gathering efforts, such as with an embedded case-control study. Informative studies of interaction
between radiation dose and epidemiological risk factors have been carried out for reproductive
history in the case of breast cancer and for smoking history in the case of lung cancer.

1. General formulation. If radiation dose D and factor f are multiplicative in effect, then the
excess relative risk associated with exposure D is independent of ; i.e., ERRy,= ERRy,. If D and
[fare additive in effect, then the conditional ERR associated with D given exposure fis

ERR,, = ERR/(1+ERR)).

2. Breast cancer: interaction of radiation and age at first full-term pregnancy. Reproductive
history is known to be an important breast cancer risk factor, In particular, early age at first full-
term pregnancy has been shown, in virtually every population that has been studied, to be
protective, A case-control interview study of female A-bomb survivors examined the interaction
of this risk factor with radiation dose (Land et al, 1994), and found that an additive interaction
model was rejected, whereas a multiplicative interaction model was consistent with the data, A
general risk model,

Ry, X;B,0) = (1 +agD)(1 +BX/{1 + D},
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was used to distinguish between the multiplicative model (corresponding to 6=0),
Rl D, X5B) = (1 + azD)(1 + BX),
and the additive model (corresponding to 6=1),
R, (D, X;B) =1+ aD + pX.

Here, D is radiation dose, X is age at first full-term pregnancy, «;, is a parametric function
describing radiation dose response as a function of age at exposure E, and B is an unknown
parameter cotresponding to X. The maximum likelihood estimate of the parameter 0 was
negative (-0.25) (Land, 1994) and the likelihood distribution placed less than 10% probability on
values greater than zero in calculations performed for the present report. Thus, it appears that very
little additional uncertainty would be contributed by allowing for deviations from the
multiplicative interaction model, for which no adjustmgnt of ERR, g, is required for age at first
full-term pregnancy. This report therefore makes no%c ainty adjustment for this factor.

3. Lung cancer: interaction of radiation dose it smoking history. Interaction analyses of A-
bomb survivors (Blot et al, 1983) and urani ers (NAS, 1988) failed to discriminate between
additive and multiplicative interaction models,¥lthough the BEIR IV committee concluded that
the data were more consistent with a multiplicative interaction (NAS, 1988 ). More recently,
Lubin and Steindorf (1995) modeled joint relative risks for smoking history (ever vs. never) and
exposure to inhaled radon decay products among 6 cohorts of U.S. uranium miners for which such
information was available. They concluded that, at that level of smoking history detail, the best-
fitting interaction model was intermediate between the additive and multiplicative interaction
models. The BEIR VI committee (NAS, 1999) applied the Lubin-Steindorf approach using more
recent data, and concluded that both the multiplicative and (especially) the additive interaction
models were statistically inconsistent with the data.

In the 1985 NIH report, it was assumed that the interaction of smoking and exposure to low-LET
radiation was additive with appropriate assigned shares obtained by multiplying the ERRs by the
factors indicated in columns 2 and 3 of Table IV.1.1. These factors were calculated as described
on pp. 48-51 of the 1985 report and based on lung cancer relative risks by smoking category given
by Rogot and Murray (1980) and the distribution of the U.S. population by smoking status in
1964-65 as published by the National Center for Health Statistics (1967). These factors can be
updated by using 1993 information on the smoking status distribution provided by the Centers for
Disease Control (1995). This distribution differs substantially from that used in the 1985 report as
shown in Table IV.1.2. Because the CDC report did not provide data on amount smoked, it was
assumed that among current smokers the distribution by amount smoked was the same as that
used in the 1985 report (p.50). It was also assumed that the relative risks by smoking category
remained appropriate. The revised factors for additive transportation are given in the last two
columns of Table IV.1.1. For the purposes of this report, the ERR ¢, for lung cancer is multiplied

Page 42 of 110



by a factor W, taken to be x + (1- x)W¢*, where S indexes smoking categories, the W* are the
factors given in columns 3 and 4 of Table IV L1, and x is assumed to follow a triangular
distribution (0, 1, 1.1). This uncertainty distribution allows the ERR g, for lung cancer to range
from that obtained with an additive interaction (x = 0) to that obtained with a multiplicative
interaction (x = 1), with a probability of about .10 for a super-multiplicative interaction (x > 1).
The median of this distribution is .74, and at this value, Wy = 1.97 for male never-smokers, Wy =
0.87 for male ever-smokers, W = 1.75 for female never-smokers, and W = 0.85 for female ever-
smokers. Thus, at the median value, the ERR,g, for never smokers is a little more than twice that
for ever-smokers. A ratio of two was used by the BEIR VI committee, and was obtained from
analyses of uranium miner data (NAS, 1999, pg. 154).

4. Basal cell skin carcinoma: interaction between ionizing and ultraviolet radiation. Ron et al
(1998) found significantly different (p<.02) ERR g, values for basal cell skin carcinoma occurring
on the face and hands (0.4, 90% CI -0.1-2.1) and on the rest of the body (4.7, 1.2-1.3), suggesting
a sub-multiplicative, or possibly even additive, interaction between UV and ionizing radiation.
This finding suggests that ERR g, in lighter-skinned, and therefore more UV-sensitive,
populations could be less than that observed in the LSS population. O the*8ther hand, Shore et al
(2002) reported 124 BCSC cases among 1699 white patients tzpqt@hbywray during childhood for
scalp ringworm, cf, 21 among 1035 white nonexposed patient$, Athdhg African-Americans,
however; only 3 BCSC cases were seen among 525 exposed patlents vs 0 among 345 non-
exposed patients. This result, unlike that of Ron et al, is inconsistent with additive interaction
between ionizing radiation and protection from ultraviolet radiation by skin pigmentation or
clothing, as risk factors for BCSC. Judging that we do not now have a good basis for evaluating .
this interaction, the Working Group has chosen to use the "complete ignorance" uncertainty model
discussed in section IV.I above for transfer of the A-bomb survivor-based ERR,g, estimates for
BCSC to the U. 8. population and to subpopulatmns with different baseline BCSC rates.

J. Susceptible subgroups.

Genetic susceptibility to radiation carcinogenesis is known to occur in patients with xeroderma
pigmentosum or hereditary retinoblastoma, and the possibility of other such associations is of
great interest for theories of carcinogenesis. However, most known genetic syndromes
predisposing to cancer are rare, and interactions with radiation dose have not been quantified
(ICRP, 1998). Such interactions therefore have not been explored in the present report.

K. Additional sources of uncertainty

As mentioned above (section IV.A), AS is not intended to represent the probability that a
particular individual’s cancer was caused by his or her radiation exposure, but rather, the fraction
of cases of a particular kind of cancer, diagnosed at a particular age among a large group of U.S.
residents with a similar exposure history, that would not have occurred in the absence of that
exposure. Possible moditying effects of age at exposure, gender, age at diagnosis, and time
following exposure, plus (for certain sites) smoking history and reproductive history have been
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studied and that information has been incorporated into the model. The working group has also
introduced crude uncertainty factors for transfer of risk coefficients between populations with
different baseline risks.

It is likely that there are other sources of bias and uncertainty influencing radiation-related risk
and AS, about which we have no useful information and, thus, no solid grounds for taking action,
However, there may be instances where a case can be made for additional uncertainty. Following
the recommendation of the NRC review committee (NRC, 2000) that any additional uncertainty
adjustment be documented and justified by an authoritative review panel, we have provided the
option for such an adjustment in the expectation thaigdt would be used very rarely, if at all.

5
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V. Features of the Approach
A. This is an interim update,

As noted in Il A and B, in the last 15 years additional epidemiologic data have become available,
and these data have considerable potential for modifying and refining the AS tables now in use.
Also, several efforts have been made to summarize data that were not available at the time the
NIH report was published, and to develop risk estimates based on these data. However, these
efforts have not evaluated data from studies pubhshcd in very recent years, including particularly
the latest updates of the Japanese A-bomb survivor incidence and mortality data. For example,
the most recent BEIR assessment was published in 1990 and the most recent ICRP assessment
was publlshed in 1991. Thus, much of the available new data has not yet been evaluated by
expert committees charged with developmg and recommending risk estimates. In addition, new
data, including updated follow-up for cancer incidence in the A-bomb survivors, are currently
being evaluated at RERF.

In part because of this situation, the BEIR VII - Phase 1 Committee has recommended that a
reassessment of the health effects of exposure to low levels of ionizing radigtion be conducted,
and the BEIR VII - Phase 2 has been formed to undertake this task. It isg ipated that the
present report will be revised after the BEIR VII committee recorggenliations become available,
expected in two or three years. Thus, the AS algorithms desogl ete must be regarded as an
interim update rather than one based on risk models endorsed bYan official national or
international committee; therefore, it might differ appreciably from future tables based on the
BEIR VII - Phase 2 report. The current update nevertheless provides AS values that are based on
more up-to-date data and models than previously, and also makes notable improvements in the
treatment of; uncertainties.

B. Similaritfies to the 1985 report

Because this update must be regarded as interim, the time frame and scope for carrying out data
analyses and model development were limited. For this reason, we did not begin from scratch to
develop new models, but instead used the models used for the 1985 AS tables as a starting point,
amending them as needed to reflect the most important changes in risk coefficients and risk
modeling approaches. Specifically, the following features of the 1985 tables were retained:

1., Ass:gneq share estimates based primarily on A-bomb survivor data. The AS values in the
1985 report were based primarily on the A-bomb survivor data, although in some cases other data
were also used. The AS values in the current report are based almost entirely on A~bomb survivor
data and, with the exception of thyroid cancer, did not directly make use of data from studies of
persons exposed for medical reasons, or from studies of workers and others exposed at low doses
and dose rates. Estimates based on data from low dose studies would be far too imprecise to meet
the needs of the AS tables, where estimates for specific cancer, ages at exposure and gender are
required. It:is noted, however, that considerable uncertainty has been allowed for extrapolation
from high doses and dose rates.

2. Cancer s1tes evaluated include most of those in the 1985 report. Our choice of cancer sites
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includes all but one of those in the previous report. The LSS tumor registry data include only 15 -
bone cancer cases, too few for inclusion as a separate site. Bone cancer associated with injection
of *'Ra, which was included in the 1985 report, was not included in the present report because,
although an estimate of radiation-related risk is well-supported by epidemiological data from the
Spiess series (Nekolla, 2000), compensation claims associated with injection of *Ra are highly
unlikely to be presented to either the DVA or DOL. Moreover, the remarkable distribution of
radiation-related risk over time following injection does not appear to be characteristic of
exposure to either gamma ray or other isotopes of radium, and the risk estimates would be
difficult to extrapolate to those exposures. Several new cancer categories have been added.

3. Treatment of latent period. The time required for radiation exposure to be reflected in terms
of excess cancer risk in an exposed population is very difficult to estimate. In the present report,
excess relative risk, which itself may depend on attainedage and, in the case of leukemia, on time
following exposure, is multiplied by an S-shaped funcjiofef time after exposure, that increases
from zero immediately after exposure to one after a tion period. The rapidity of the increase
depends upon cancer site, with an early increase ing appreciable 2 years after exposure and
reaching full value after 6 years for leukemia, Rwhat slower increase for thyroid cancer
beginning after 3 years and ending after 8 years for all other solid tumors, an increase
beginning after 3 years and ending after 14 years. This is only slightly different from the approach
of the 1985 report.

]

C. Important changes

1. Estimates were obtained for all cancer sites for which the calculations could be
performed, not just those established as “radiation-related.” A working assumption was that
radiation exposure might be a causal factor for any site or type of cancer, at some exposure level
and under some conditions. This assumption obviates the question of whether or not a particular
kind of cancer could be caused by radiation; rather, the most pertinent problem is what values of
AS are consistent with current scientific information in a particular instance of cancer following a
particular exposure. The working group therefore has provided for the calculation of uncertainty
distributions for AS, for all cancer types for which there were relevant data available from the
sources on which the present report is based.

2. Assigned share estimates were based on incidence instead of mortality data. Although the
1985 NIH report used incidence data from site-specific studies of leukemia and cancers of the
thyroid gland, female breast, and salivary gland, it relied mainly on data from the LSS mortality
survey. By contrast, the present report bases its estimates and models on data from the LSS
Tumor Registry and, in the case of thyroid cancer, from a pooled analysis of data from several
studies. The RERF Tumor Registry is now a highly reliable source of cancer incidence
information with good coverage of that part (80%) of the surviving LSS sample resident in the
environs of Hiroshima and Nagasaki (Mabuchi, 1994); this coverage goes far toward matching the
main advantage of the LSS death certificate data, viz., completeness of ascertainment for a general
population of both genders and all ages, acutely and simultaneously exposed to a range of whole-
body radiation doses and followed uniformly over time. Follow-up for the mortality series and
for incident diseases covered by the Leukemia Registry began on October 1, 1950, the entry date
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for member of the LSS cohort; for the LSS Tumor Registry, follow-up began on January 1, 1958.
The later beginning of the tumor reglstry is a serious problem only for cancefs of short latency,
most of whikh are covered by the Leukemia Registry or by site-specific studies that involved
special case-ascertainment efforts for the period 1950-1957, and for estimation of excess risk
among persons who were over 50 or 60 years of age when exposed. Comprehensive statistical
analyses of site-specific cancer incidence through 1987 were presented for solid cancers and
leukemia (Thompson, 1994, Preston, 1994) and, especially important for present purposes, the
original data sets were made avallable by RERF on disk or downloadable from the RERF web
site. a ‘

3. Assigned share estimates are based on analyses conducted for this spécific purpose
instead of published risk estimates. For the 1985 report, assigned shares were estimated from
tabulated published estimates, primarily from the BEIR III report. The availability of grouped
numerator and denominator data from LSS Tumor Registry for 1958-1987, plus similar data from
a site-specific incidence study of skin cancer and a pooled study of thyroid cancer in several
irradiated pepulations, allowed the present working group to model site-specific risks directly.
This permitted the working group to determine 1ndepende tl% dependence of dose-specific
excess relative risk on important modlfymg fact &b models of suitable complexity.

4. Modeling of the excess relative risk (ERR) i ms ead of the excess absolute risk (EAR). The
ERR was modeled directly rather than converted from tabulated estimates of EAR, as was done in
the 1985 report. Note that assigned share (AS) is a simple, monotonic function of the ERR, AS =
ERR /(1+ERR). .

5. More att'entmn to attained age. For all cancer types except leukemia and bone cancer, the
1985 report. ‘models were based on the assumption that, after a minimal latent period, the excess
relative risk .per Sv (ERR/Sv) remalned constant over time since exposure and therefore did not
depend additionally upon attained age. New information from analyses of A-bomb survivor
information suggests that this may not be the case generally, Modeling for the present report
allows for the possibility that ERR/Sv may depend upon attained age as well as age at exposure..

6. leferenl; default assumptions for dependence of ERR/Sv on exposure age and attained
age. Inthe '1 0835 report and in the 1990 draft report presented to the NRC review committee, site-
specific esta;nates of ERR/Sv were fitted separately by site, and were assumed not to depend
upon sex, age at exposure, or attained age unless there was site-specific statistical evidence to the
contrary. The NRC review subcommittee recommended that consideration be given to conducting
joint analyses of several cancer types (see Pierce and Preston, 1993), testing whether various
parameters were comparable among cancer types, and then using common estimates of selected
parameters in developing site-specific AS values. This approach has the potential advantage of
greater statistical precision in the estimated AS values, but the disadvantage of difficult-to~
quantify uncertainty in whether the chosen models are appropriate. Qur approach was to estimate
parameters for modification of ERR/SV by exposure age and attained age for all solid cancers
combined and to use these as default values for site-specific estimates. Thus, values fitted from
site-specific data alone were used only if they differed significantly from the default values. Type-
specific leukemia estimates were based on type-specific data only, and included nonzero
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modifying parameters by timé, exposure age, or attained age only if required.

7. Radiation dose response and adjustment for low dose-rate exposure Because estimates
obtained directly from epidemiological data on populations exposed only at low doses are very
imprecise, it is necessary to extrapolate from risks that have been estimated from persons exposed
at higher doses (and dose rates) than those of direct interest. The estimates used in this report are
based on Japanese atomic bomb survivor data, and estimates based on these data tend to be
driven by the cancer experience of persons exposed to doses that exceed 1 Gy. This is much
larger than doses for which AS values are usually desired, which are almost always less than 0.1
Gy and often much smalier.

=Spmpatible with a linear dose-response
forms cannot be excluded. On the other
sistently shown evidence of upward
having a substantial linear component

Although most epidemiological data for solid cancers
function in which risk is proportional to dose, curvil
hand, dose-response analyses of leukemia risk ha
curvature consistent with a quadratic function

(“linear-quadratic” or “L-Q” for short).

a. Method used in the 1985 NIH report The 1980 BEIR III committee chose as their “preferred”.
dose response model an L-Q model in which risk was proportional to D + D%1.16, where D is
organ-specific dose in Gy, and the 1985 NIH tables committee adopted that form for their report.
Thus, with two exceptions (breast and thyroid cancer, for which linearity was assumed), the
estimated excess risk per unit dose was a little more than half as high at 0.1 Gy as at 1 Gy.
Another consequence was that the risk per unit dose of the sum of several exposures, each less
than 0.1 Gy and separated in time, or a chronic exposure (treated much the same as the sum of
many very small exposures) was estimated to be about half as high as that for a single, acute
exposure of about 1.2 Gy.

b. Method used in the present report The approach used for the present report was to treat
leukemia risk as proportional to D + D?, since estimates of the D? coefficient are generally inexact
but in the neighborhood of unity and significantly greater than zero. For all other cancers, the risk
was assumed to be linear (proportional to D) for curve-fitting purposes but with a dose-and-dose-
rate-effectiveness factor (DDREF) applied to reduce estimated risk at low doses and dose rates.
The DDREF approach was chosen because it is consistent with recommendations by the
International Commission on Radiation Protection (ICRP, 1991) and because instances of a linear
dose response have been observed above a certain level in combination with a DDREF of 2 or
more at lower levels, in experimental studies of radiation carcinogenesis using fractionated
exposures (R. Ullrich, personal communication).

8. Transfer of estimates between populations. An important source of uncertainty is the
applicability of risk estimates derived from Japanese A-bomb survivor data to a contemporary
U.S. population, especially for cancer types where baseline risks for the two countries differ
markedly. On the basis of comparisons of leukemia and breast cancer risk in different populations
(BEIR 111, Land et al, 1980), transfer between populations in the 1985 NIH report was based on
the assumption that absolute risks were comparable, and no attempt was made to evaluate the
uncertainty resulting from this choice. For most cancer sites, however, there are few quantitative
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data other than those available from the LSS, and it cannot be excluded that other transfer models
may be appropriate for different cancer sites (Land 1990, Land and Sinclair 1993, NCRP-126,
EPA 1999), Moreover, the choice of transfer model involves considerable uncertainty. In the
current report, uncertainty from this source has been evaluated, with central estimates chosen to
fall in between the NIH model and a model in which relative rather than absolute risks are
assumed comparable for Japanese and US populations. Cancers of the female breast, thyroid
gland, and skln were treated somewhat differently, as discussed in IV.G above.

0. Blologlcal effectiveness of dlfferent types of radiation. The 1985 NIH report considered
exposure to low-LET radiation (i.e., photons) only, since this was the principal type of radiation to
which the Japanese atomic-bomb survivors were exposed. The results of that study thus were not
applicable to exposures to high-LET radiation, such as neutrons and alpha particles, which have a
greater biological effectiveness per unit dose than low-LET radiation. The 1985 report also did
not take into account that low-energy photons and electrons may have a greater biological
effectiveness than the high-energy gamma rays to which the atomic-bomb survivors were
exposed. In!contrast, the present report considers exposures to different radiation types, including
photons, electrons, alpha particles, and neutrons. The biological effectiveness of different
radiations is represented by the radiation effectiveness factor (REF), which generally depends on
the radiation type and its energy. For each radiation type and energy of concern, the REF is
described by a probability distribution that is intended to represent u %jnties in relevant data
obtained from radiobiological studies. ?

10. Treatment of uncertainty. The treatment of uncertat@%mﬂar to that in the 1985 report.
in that uncerta1nt1es from each of several components or sources are evaluated separately and then
combined mto an overall assessment based on the-assumption that uncertainties from different ‘
sources are independent, It is also'similar in that many sources could not be evaluated using
rigorous statistical procedures, but required subjective judgements of the investigators. However,
the treatment of uncertainties in the updated report differs from the 1985 report in several
respects. First, components of uncertainty that were not evaluated earlier have been added,
including especially statistical variability in the risk coefficients and uncertainty resulting from
transferring risk coefficients based on Japanese A-bomb survivors to a contemporary U.S.
population. ;Second, uncertainty distributions were selected to reflect available data and the best
judgment of the investigators, and were not limited to log-normal distributions as was the case in
1985, Third, Monte Carlo simulations were used to combine uncertainties, a feature that made
flexible selection of uncertainty distributions possible. Fourth, uncertainty was not treated as an
“add-on”, developed after the central estimates had been determined, but rather was a fundamental
part of the process. That is, emphasis was not on determining single point estimates, but on
developing overall uncertainty distfibutions, calculated by combining the uncertainty distributions
from each of the contributing sources. Given an uncertainty distribution, it is'of course possible to
determine medians, means, and various percentiles or credibility limits. Finally, the on-line
computer software (IREP) incorporates “customized” Monte Carlo simulations to obtain the
distribution of a desired AS, taking into account the exposure scenario, certain characteristics of
the individual, and the specific type of cancer. '
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The above modifications drew heavily on developments in uncertainty analysis that have occurred
since 1985. The BEIR V report used Monte Carlo simulations to evaluate statistical uncertainty
in lifetime risks, but relied on lognormal propagation of errors for evaluating several other
uncertainty sources. More recently, both NCRP and EPA have used Monte Carlo simulations,
including flexible choice of distributions to describe uncertainties from individual sources.
However, NCRP and EPA were primarily concerned with uncertainties in lifetime risks to
populations rather than uncertainties in risks for individuals with specific characteristics,
Furthermore, NCRP provided a distribution only for the lifetime risk of all fatal cancers, although
the report contains discussion of specific cancer types. &g knowledge, the work reported here
is the first to evaluate uncertainty distributions for spgeiffe AS values associated with any of a
wide range of specific cancer types, individval ch istics, and exposure scenarios.
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VL Use of the AS estimates and their uncertainties for adjudication.

This report makes no recommendations regarding how the estimated assigned shares and the
accompanying software IREP should be used to adjudicate claims, However, some possible
applications, of the 1985 tables are briefly described below. Further discussion of applications is
provided by\NAS-NRC (2000).

One approach is to use a sliding scale and British Nuclear Fuels developed such a compensation
scheme based on the 1985 tables (with some modifications) (Thomas et al. 1991; Wakeford,
1999). Under this scheme, persons whose estimated AS values are 50% or higher receive full
awards, whereas persons whose estimates are between 20% and 50% receive graduated partial
awards. This approach makes no use of uncertainties, but avoids the arbitrariness of a full award
for a person with an dose that results in a PC of exactly 50%, and nothing for a person with a
slightty lower dose that results in 2 PC of 49%.

Another approach is an “all or nothlng” approach in which a full award is granted if the PC
exceeds some specified value, and no award is granted if the PC is less than the specified value.
When 50% is the chosen cutoff value, this approach can be considered as based on tort law in
which claims are awarded if it is at least as likely as not that the cancer was caused by radiation.,

CIRRPC (1988) developed a procedure for screening claims of radiation-induced cancer that
made extensive use of uncertainties in the PCs that were provided in the 1985 NIH report. Under
this scheme, a person passes the screening if the upper 99% conﬁd %‘1 (or some other
chosen level) on the estimated PC exceeds 50%. The CIRRE) ;

“This procedure is designed to insure that cases which®iave even a small chance of a true
PC, that is 0.5 (50 percent) or greater (i.e., that meet the “as least as likely as not”
criterion), are developed for assessment of causality, yet will avoid detailed development
of those cases for which there is virtually no chance that the true PC would be as latge as
50 percent, The screening process is not a decision-making process that should result in
autornatic compensation.” ! :

The DVA has subsequently used the screening doses (based on the upper 99% confidence limit)
developed by CIRRPC, In practice, few cases who have passed the screening have failed to
receive rewards. This policy has the advantage that is highly unlikely to exclude persons with
meritorious claims. However, it is likely to award many persons whose true PCs are very much
less than 50%, a use of funds that some might question. It also has the anomaly that the more
uncertain the PC estimate the more likely that a claimant will be awarded. For example, as noted
in the NAS review of this report (2000), a claimant with a precisely estimated PC of 44% (CL:
41%-47%) would fail to receive an award, while a claimant with an 1mpreclsely estimated PC of
9% (CI: 0%-82%) would be awarded..

Both the sliding scale approach and the “all or nothing” approach as practiced by the DVA could
be varied in many ways. For example, PCs other than 50% could be used as the basis of awards,
and less stringent upper confidence limits (e.g. 90% instead of 99%) could be used.
Compensatmn based on the years of life lost from the cancer has also been proposed and has

Page 51 of 110



certain advantages (Robins and Greenland 1991).

A purely numerical consideration is that estimates obtained by Monte Carlo simulation of the 99
percentile of a probability distribution are unstable unless based on a very large sample size. For
example, an estimate based on a simulated sample of size 100 is determined by the two highest
values. With a sample of 1000 the estimate depends upon the highest 11 values, and for a sample
of 10,000 it depends upon the largest 101 values. The estimate based on 100 simulations is
obtained very quickly but is highly unstable, whereas that based on 10,000 simulations is
reasonably stable but requires a longer time to calculate.
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APPENDIX A: Text of Congressional Mandate and Excerpt from Presidential Statement
Public Law 97-414 - January 4. 1983

"7(b)(1) Within one year after the date of enactment of this Act, the Secretary of Health and
Human Services shall devise and publish radio-epidemiological tables that estimate the likelihood
that personsiwho have or have had any of the radiation-related cancers and who have received
specific doses prior to the onset of such disease developed cancer as a result of these doses. These
tables shall show a probability of causation of developing each radiation related cancer associated
with receipt of doses ranging from 1 millirad to 1,000 rads in terms of sex, age at time of
exposure, time from exposure to the onset of the cancer in question, and such other categories as
the Secretary, after consulting with appropriate scientific experts, determines to be relevant. Each
probability of causation shall be calculated and displayed as a single percentage figure.

(2) At the time the Secretary of Health and Human Services publishes the tables pursuant to
paragraph (1), such Secretary shall also publish--

(A) for the tables of each radiation related cancer, an evaluation which will assess the
credibility, validity, and degree of certainty assoclated w1th %& les; and

(B) a compilation of the formulas that yielded the p - [0 f causation listed in such
tables. Such formulas shall be published in such a masghér and together with information
. necessary to determine the probability of causation of any individual who has or has had a

radiation related cancer and has received any given dose.

;5

(3) The tables specified in paragraph (1) and the formulas specified in paragraph (2} shall be
devised from the best available data that are most applicable to the United States, and shall be
devised in accordance with the best available scientific procedures and expertise. The Secretary of
Health and Human Services shall update these tables and formulas every four years, or whenever
he deems it necessary to insure that they continue to represent the best available scientific data
and expertise.”

Excerpt from President Reagan’s statement on the occasion of his signing the Orphan Drug Act.
“, . .ithere is as yet no consensus among radiation experts in relating human cancers and
exposure to low levels of radiation, Yet, Section 7 mandates that probability of causation
tables be calculated for even very small dose levels. Accordingly, I am directing the
Secretary of Health and Human Services to complete the tables to the extent that may be
possible and scientifically responsible, in light of the analysis also mandated by Section 7,
which requires him to 'assess the credibility, validity, and degree of uncertamty associated
with|such tables."
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APPENDIX B: DHHS Charter - Ad Hoc Working Group to Develop Radioepidemiological
Tables

[13

Purpose

Section 7(b) of Public Law 97-414 directs the Secretary of Health and Human Services to devise
and publish radioepidemiological tables that estimate the likelihood that persons with any
radiation-related cancer who received specific radiation doses before the onset of the cancer
developed the disease as a result of such exposure. The tables must show the probability of
causation for each cancer associated with receipt of doses ranging from 1 millirad to 1,000 rads in
terms of sex, age at time of exposure, time from exposure to disease onset, and such other
categories as the Secretary, after consultation with appropriate scientific experts, determines to be
relevant. In carrying out this mandate, the Secretary deems it nggessary to establish an Ad Hoc
Working Group to Develop Radioepidemiological Tables cofjprised of scientific experts whose
qualifications will insure a thorough, competent and time pletion of the task.

"Authority
42 U.S. Code 217a, Section 222 of the Public Health Service Act, as amended.

This Ad Hoc Working Group to Develop Radioepidemiological Tables is governed by the
provisions of Public Law 902-463, which sets forth standards for the formation and use of
advisory committees. '

"Function
In addition to developing radioepidemiological tables, the Ad Hoc Working Group shall:
7. Assess the credibility, validity, and degree of certainty associated with such tables; and

8. Compile the formulas that yielded the probabilities of causation listed in such tables. Such
formulas shall be published in such a manner and together with information necessary to
determine the probability of causation of any individual who has or has had a radiation-
related cancer and has received any given dose.

The tables specified in paragraph (1} and the formulas specified in paragraph (2) shall be devised
from the best available data that are most applicable to the United States, and shall be devised in
accordance with the best available scientific procedures and expertise. The Secretary of Health
and Human Services shall update these tables and formulas every four years, or whenever
necessary, to insure that they continue to represent the best available scientific data and expertise.

"Structure

The Ad Hoc Working Group to Develop Radioepidemiological Tables shall consist of eight
members, including the chairperson. Members and chair- person shall be selected by the
Secretary, or designee, from outstanding authorities in the fields of endocrinology, radiation
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